Background Idiopathic intracranial hypertension (IIH) is a condition of raised intracranial pressure (ICP) in the absence of space-occupying lesions or other known etiology. It primarily affects young obese females, and potentially causes permanent visual loss due to papilledema and secondary optic atrophy. The aim of this study was to evaluate the diagnostic value of optical coherence tomography (OCT) as a marker for CSF opening pressure in patients with idiopathic intracranial hypertension (IIH). Methods We conducted a case-control study of 20 newly diagnosed, 21 long-term IIH patients, and 20 healthy controls. Investigations included measurement of peripapillary retinal nerve fiber layer thickness (RNFLT) and total retinal thickness (RT), automated visual field testing, and measurement of CSF opening pressure. An OCT elevation diagram was developed as a new diagnostic tool. The diagnostic ability of OCT as a marker of increased ICP (> 25 cmH 2 O) was investigated using multiple regression and receiver operating characteristic (ROC) curves.
Introduction
Idiopathic intracranial hypertension (IIH) is a syndrome of increased intracranial pressure (ICP) without hydrocephalus or mass lesion and with normal CSF composition [1, 2] . IIH mainly affects young obese females, and in the majority of cases, it causes papilledema due to the raised ICP. Because of the global obesity epidemic, a rising incidence of IIH is anticipated.
Patients typically present in ophthalmological or neurological clinics with headache and transient visual obscurations.
Moderate to severe papilledema is fairly easy identified, while subtle papilledema requires an experienced clinician. Ophthalmoscopic evaluation of papilledema is subjective, qualitative, and may reflect significant interobserver variability.
Treatment is symptomatic and directed towards ICP reduction, resolution of papilledema, and preservation of vision. Regular evaluation of symptoms, disc morphology, and visual function is important to ensure adequate treatment. ICP is assessed by lumbar puncture, which is an invasive procedure. A non-invasive quantitative method for assessing papilledema and high CSF pressure would strongly facilitate the screening, diagnosis, and treatment of IIH.
Optical coherence tomography (OCT) is a non-invasive imaging technique producing cross-sectional images of the retina. OCT imaging allows in vivo measurements of retinal nerve fiber layer thickness (RNFLT) and total retinal thickness (RT). Details of the underlying principles of OCT are described elsewhere [3, 4] . OCT imaging has become a valuable tool in identifying and monitoring reduced peripapillary RNFLT in optic neuropathies as well as increased RT in macular edemas [5] [6] [7] [8] . Recent studies suggest that OCT can also be used in monitoring conditions characterized by optic disc edema [9] [10] [11] [12] [13] [14] .
To our knowledge, this is the first study on the evaluation of the diagnostic value of OCT in relation to CSF opening pressure and visual field indices in patients with IIH. Our hypothesis was that increased peripapillary retinal thickness measured by OCT imaging is a good predictor of increased intracranial pressure, and OCT can therefore be used in the screening and monitoring of patients with IIH.
Subjects and methods
Forty-one patients diagnosed with IIH according to the International Headache Society Classification Criteria B [1] were enrolled in this cross-sectional, case-control study. There were 20 newly diagnosed (N-IIH), and 21 long-term IIH (L-IIH) patients. The L-IIH patients had already started specific medical treatment for increased intracranial pressure. Subjects were recruited from IIH patients consecutively referred to the Danish Headache Centre over a period of 2 years.
Inclusion criteria for patients were: age≥18 years; high CSF opening pressure (ICP>25 cm H 2 O for obese subjects with BMI>30 kg/m 2 ; ICP>20 cm H 2 O for subjects with BMI≤30 kg/m 2 ) measured by lumbar puncture at time of diagnosis; normal MRI and MR venography; normal CSF composition; and normal neurological examination apart from papilledema and sixth cranial nerve palsy [1] .
A control group of 20 obese, but otherwise healthy individuals were recruited through Internet advertising (age 18-65 years, BMI>25 kg/m 2 ), and enrolled into an identical examination program.
Exclusion criteria for all participants were competing medical, neurological, or ocular conditions. Complete neurological examinations were performed, including direct ophthalmoscopy by the same physician (MS). Ophthalmologic examination included bestcorrected visual acuity (Snellen test), color-vision testing (Ishihara color test), standard automated perimetry, applanation tonometry, optic disc photography, and peripapillary mydriatic OCT. Ophthalmologic examinations were performed in the morning<2 h prior to lumbar puncture in all but one patient (this patient presented with rapid progressive symptoms and a lumbar puncture before OCT examination was considered necessary).
In order to bypass effects of treatment, acetazolamide was discontinued 72 h prior to lumbar puncture in all medically treated patients.
Optical coherence tomography
OCT was performed using the fast 3.4 RNFL algorithm (Stratus OCT 3000, software 4.01; Carl Zeiss Meditec, Dublin (US)). Fast RNFL scans consisted of three peripapillary scans (256 A-scans each) with a diameter of 3.4 mm. Scans were performed by trained technicians, and≥2 wellcentered fast RNFL-scans were obtained from both eyes. RNFLT and RT were automatically derived by the OCT software [4, 15] . All peripapillary scans were subjectively assessed by the same physician (MS) in random order and blinded for diagnosis. The best peripapillary scan in terms of signal quality was selected for each eye. If boundary detection of the algorithm failed in a localized area for the scan circle, the thickness was determined manually for the relevant A-scans by using the software precursor tools.
Standard automated perimetry
Standard automated perimetry was performed with a Humphrey Field Analyzer II (30-2 SITA Fast). Subjects without prior experience with the test performed a 1-min trial before the test was initiated. Criteria for reliable results were <33 % fixation losses, <33 % false-negatives, and <33 % falsepositives. Mean deviation (MD) and pattern standard deviation (PSD) were recorded.
Intracranial pressure
Lumbar puncture was performed using standard 20-gauge spinal needles (18-gauge needles in two very obese subjects). Opening pressure was measured in lateral decubital position with legs extended, head and spine strictly horizontal and as relaxed as possible. Sufficient time was allowed for the pressure to stabilize. All but one of the lumbar punctures were performed by the same physician (MS).
Statistical methods
Demographic and clinical data were summarized using medians with inter-quartile ranges (IQR) and counts with percentages as indicated. Differences in Snellen (<1, 01, >1), MD, PSD, and ICP between healthy subjects and patients were analyzed using non-parametric ANOVA (Kruskal-Wallis test) and χ 2 -tests as indicated. Post-hoc comparisons were performed with Wilcoxon rank tests and χ 2 -tests. Normal reference ranges for RT and RNFL per scan were constructed by mean values plus the product of the standard deviations and the 95 % quantile of the standard normal distribution, based on OCT measurements of the healthy control eyes. The reference ranges for both eyes and RT and RNFL were displayed in a single graph (OCT elevation diagram). An OCT elevation diagram was obtained for each patient and compared to the normal reference ranges. The total percentage of OCT scans (RT and RNFL) above normal range was calculated for all patients and healthy subjects as a marker for predicting ICP.
The associations between ICP, clinical markers (BMI, MD, Snellen visual acuity, PSD), OCT above normal (%) and expert diagnosed edema were investigated using univariate tests and by multiple linear regression. The ability of OCT to predict ICP on the continuous scale was assessed by comparing multiple linear regression models that included or excluded OCT as explanatory variable. These models were adjusted for patient age, BMI and expert diagnosed edema. Based on the different multiple linear regression models, the probability of high (>25 cmH 2 O) ICP was predicted, and the models were compared by means of estimated areas under the ROC curves (AUC). The estimate was based on 1,000 random splits of the data into independent training and validation sets (cross-validation) [16, 17] . The level of statistical significance was set at 5 %.
Ethical approval
The study was approved by the Research Ethics Committee of The Capital Region and was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. All applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. All participants gave their informed consent prior to inclusion in the study. Detailed information about lumbar puncture was given following the Ethics Committee guidelines.
Results
Forty-four patients met the inclusion criteria. Three did not wish to participate. Forty-one patients (37 females, four males) were included and examined. In this group, 21 were long-term IIH patients (L-IIH) who had previously been diagnosed and treated, while 20 were newly diagnosed patients (N-IIH). Data from two patients were excluded due to prior eye trauma and post-papilledema optic atrophy. Median duration from initial symptoms and examination was 3 months (range 1 week to >5 years) for N-IIH patients and 4 years (range 3 months to >5 years) for L-IIH patients. ICP values above the detection limit were set at 50 cm H 2 O.
Healthy subjects (controls) (n020) did not report symptoms suggesting IIH, i.e., pulsating tinnitus, visual disturbances, or chronic headache. Episodic migraine according to International Headache Society Classification Criteria-2 [1] was reported by three controls. Episodic tension-type headache was reported by four controls. Patient demographics and clinical data are displayed in Table 1 .
Reference ranges for RNFLT and RT for both eyes and all scans (OCT elevation diagram) are shown in Fig. 1. Figures 2  and 3 show individual OCT elevation diagrams for 20 N-IIH and 21 L-IIH patients, respectively. Because of severe disc swelling, RNFLT was beyond detection limit in six N-IIH patients, as was RT in four N-IIH patients.
In 12 (60 %) of the N-IIH patients (including those with OCT values above detection limit) and two (10 %) of the L-IIH patients, ≥ 50 % of RNFL and RT scans were above normal range (Table 2 ). Univariate analysis (Table 3) showed that the following factors, namely OCT measures above normal, expert diagnosed edema status, and BMI, were significantly associated with high ICP (>25 cmH 2 O). Multiple regression analysis and values of AUC (Table 4) confirmed OCT as an independent significant predictor in a model that was adjusted for age, BMI, and expert diagnosed edema status.
Standard automated perimetry showed that PSD was significantly higher (post hoc Wilcoxon rank test: p N-IIH 0 0.0016 and p L-IIH 00.0004) and MD significantly lower (post hoc Wilcoxon rank test: p N-IIH 00.0004 and p L-IIH0 0.0015) in patients compared to healthy controls. Visual acuity (Snellen test) did not differ significantly between patients and healthy controls (post hoc Chi-square test p N-IIH 00.47 and p L-IIH 00.08).
Discussion
Clinical evaluation of patients with IIH involves assessments of papilledema severity and visual field function. Funduscopy provides rapid, inexpensive description of morphological disc changes. However, it is largely subjective and qualitative. In this study, we demonstrated that OCT provides a useful quantitative measure of papilledema in IIH using peripapillary retinal-thickness measurements.
Papilledema arises due to axoplasmatic flow-stasis with subsequent axonal swelling at the level of the optic disc, caused by increased perineural pressure [18] . Peripapillary retinal nerve fiber layer thickness (RNFL) thus reflects papilledema severity. In the present study, RNFLT was significantly increased in for all disc quadrants in N-IIH. This observation is in agreement with a previous OCT study evaluating 22 newly diagnosed IIH patients [14] . In another study by El-Dairi et al., RNFLT of pediatric patients with IIH was increased only in the inferior quadrant. Their patients had, however, only mild papilledema, and results may thus present the predilection site of disc swelling [13] .
The present study did not demonstrate increased RNFLT in the majority of patients with long-term IIH. To our knowledge, there is no previous study evaluating chronic IIH-patients with the combined use of OCT and ICP measurements. Normalization of elevated RNFLT values may, in addition to resolution of papilledema, occur due to axonal atrophy caused by chronic papilledema. In this group of patients, nerve-fiber loss was in fact indicated by deteriorated visual field indices, and may explain the lack of RNFL thickening.
The natural time course of papilledema development is unclear. Variations ranging from hours to days have been described and may be influenced by the extent of ICP elevation and structural differences within the optic nerve sheet [19] . In the present study, medical intervention may have influenced the measurements, since all the patients with chronic IIH had been treated with acetazolamide before study inclusion. Therapy was withheld 72 h before lumbar puncture and OCT measurements. This time interval was considered ethically acceptable, sufficient for drug clearance (t ½ 015 h), and re-setting of the intracranial pressure. It may, however, not have been sufficient for relapse of papilledema.
To our knowledge, OCT measures of RT have not previously been applied in IIH. As expected, the increased RT in N-IIH patients concurred with an increase in RNFLT. However, thickening of RT may not be attributed to an increased thickness of the nerve fiber layer alone. Venous stasis at the level of the optic disc may lead to capillary leakage and intraretinal fluid accumulation beneath the RNFL. This hypothesis is supported by the interstitial edema described in rhesus monkeys with experimental papilledema [20] . The averaged subtractions of RNFLT from RT tended to be higher in N-IIH patients compared to controls, but differences were not statistically significant. Future studies of larger N-IIH populations are needed to evaluate this further.
The correlation of edema severity and ICP in IIH found in this study is in agreement with a study of Heckmann et al., measuring papilledema with laser scanning tomography [21] . In contrast, Rebolleda et al. in their study of newly diagnosed IIH patients, were unable to find this correlation [14] . The time interval between lumbar puncture and OCT examination in their study was, however, unreported and results are thus difficult to compare directly with the present data.
Determining ICP requires an invasive procedure. Given that invasive measurements are painful, associated with potential risks, and not always clinically feasible; a noninvasive method that reliably predicts an ICP above normal would represent a significant gain to neurological and ophthalmological practices.
The imputations of OCT and ICP values (see methods section) led to conservative results that are a systematic underestimation of the diagnostic power of OCT, as confirmed by sensitivity analyses (not shown).
As automated perimetry has proven to be the most sensitive test for visual loss in IIH, it is strongly recommended in clinical evaluation and follow-up [22, 23] .
Correlation studies of optic disc morphology and perimetric threshold alterations using either confocal scanning laser ophthalmoscopy [24] or OCT [14] have demonstrated that severity of papilledema quantitatively parallels the visual field sensitivity. Visual field defects improved in parallel with the resolution of edema during treatment. This leads to the suggestion that OCT may be used to monitor the severity of papilledema and the effectiveness of treatment in IIH. In agreement with the previous studies [14, 24] , our cross-sectional study showed a strong association between papilledema severity and visual function in patients with newly diagnosed IIH.
In the early stages of papilledema, visual field defects may be related to a potentially reversible nerve conduction defect caused by disc swelling. Conversely, in longterm IIH, irreversible axonal damages may aggregate during the disease course, thus weakening the association For patients where OCT values were above the detection limit, hatched regions (RT and RNFLT) indicate point-wise group mean values between disc morphology and perimetry. Information provided by the two techniques may thus diverge, and morphological analysis of papilledema given by OCT must be interpreted in conjunction with symptoms and an analysis of visual function. In clinical settings, techniques should be considered as complementary.
Although correlations between papilledema severity and loss of visual function in newly diagnosed patients support the use of OCT in IIH, little is known about Number of patients (%) with RNFL and RT above the normal reference range ophthalmologic findings related to the level of the ICP [14, 21] . The utility of OCT to predict intracranial hypertension in IIH has its limitations. Even though papilledema is a characteristic sign of intracranial hypertension, it has been reported absent in 6 % of IIH patients [25] . These patients may still be missed. Other significant predictors of IIH, apart from headache, include pulsatile tinnitus (OR 13) and obesity (OR 4.4) [26] . We recommend that any overweight patient with symptoms of increased ICP such as pulsatile tinnitus or a severe daily headache unrelieved by standard management should be further evaluated by OCT and eventually also with ICP measurement.
A limiting factor of the present study is the small population size and unknown interval from disease onset to study inclusion. As IIH is a relatively infrequent clinical entity, large numbers of qualified patients are difficult to collect at one center. Results should be validated in larger multicenter trials of untreated IIH patients to substantiate our findings. Moreover, patient groups differed with respect to BMI and age. Correlation between BMI and OCT measured macular thickness has been reported [27] , but the influence on peripapillary thicknesses is unclear. Age-related decay of 0.16 μm/year of peripapillary RNFLT occurring even in healthy subjects has been demonstrated. This decay does not, however, reach a maximum until the age of 50 years [28] . In the present study, group differences were accounted for using age-and BMI-adjusted statistical analyses.
It can be argued that despite appropriate and standardized settings, lumbar opening pressures do not always represent intracranial steady-state pressures. Diurnal fluctuations of ICP in IIH and abnormal ICP waveforms may also be present [29] . Although elevated steady-state ICP has been reported in up to 93 % of IIH patients, some patients show periods of lower or indeed normal ICP between periods of marked intracranial hypertension [29] [30] [31] . Using single-spot lumbar measurements thus may increase the variance of data sets. Implementing continuous ICP-monitoring with frequent OCT evaluations over several days would improve our understanding of ICP fluctuations in relation to optic disc morphology in IIH.
This study provides promising results for OCT as a quantitative diagnostic test in the evaluation of new patients suspected as having IIH. It appears to be of limited value in predicting ICP in chronic IIH patients who have been previously treated. The OCT technique is rapid and non-invasive-it is already employed in many clinical settings for the diagnosis of optic neuropathies. Our data support the use of OCT as a valuable supplement to ICP-recordings and visual field testing to evaluate patients with IIH. Mean change in ICP (cmH 2 O) per factor unit (p value). AUC Estimated area under the ROC curve for probabilistic predictions of ICP>25 cmH 2 O based on the same 1,000 splits of the data into independent training and validation sets for all models
